of anthracyclines (N-acetyl-daunorubicin) 
monoclonal antibodies and its function were described in leukemic cell lines and clinical samples. 18, 19 Therefore, functional assays seem to be more pertinent than protein Introduction detection. Functional tests are based on the accumulation of fluorResistance of neoplastic cells to the action of various unreescent cytotoxic drugs such as anthracyclines 20 or fluorescent lated chemotherapeutic drugs is a major problem in cancer dyes such as rhodamine 123, fluo-3, fura-2 and calceintreatment. 1 The classical multidrug resistance phenotype AM [21] [22] [23] [24] assuming that dye accumulation processes are similar (MDR) has been extensively studied in many laboratories to those of chemotherapeutic drugs. 25, 26 Fluorescence analysis using resistant cell lines and is now well characterized. Resistis generally performed by flow cytometry or cellular imaging, ant cells show a reduced accumulation of structurally and and until now, rhodamine 123 has been the most frequently functionally unrelated cytotoxic drugs such as anthracyclines, used fluorochrome for clinical diagnosis. However, cells isovinca alkaloids, taxol, epipodophylotoxins and homoharringlated from patient samples display generally a lower resistance tonine. 2 The phenotype is correlated with the expression and level than the reference cell lines used in research laborafunction, at the membrane level, of a 170-kDa glycoprotein, tories. Therefore, initial tests, based on dye uptake are generthe Pgp (permeability glycoprotein), which expels drugs in an ally not sensitive enough for the detection of low level resistenergy-dependent fashion. This protein belongs to the ATP ant cells frequently isolated in clinical samples. Moreover, in binding cassette protein family (ABC proteins), and is encoded these tests, resistant cells are distinguished from sensitive ones by the MDR 1 gene in human (for reviews see Refs 3 and 4).
only by comparison of mean fluorescence without any A variety of compounds, termed chemosensitizers or moduspecific emission band. lators, have been shown to partially or completely overcome From these considerations, we have oriented our interest resistance when administered with drugs. These molecules are towards a carbocyanine liquid crystal forming probe, JC-1. generally cationic and lipophilic, but have a wide variety of This cationic dye was initially used for analysis of mitochonstructures and functions, for example: calcium channel blockdrial potential. 27 As for other membrane potential probes, its ers (verapamil), calmodulin inhibitors (trifluoperazine), cycloaccumulation in mitochondria is governed by the Nernst sporine A and derivatives like PSC388, non-toxic derivatives law. 28 A specific property of JC-1, due to its stacking in a liquid crystal form, is the dependence of its fluorescence emission wavelength on its concentration. 29 On excitation at 30 Cells were grown as previously described. 31 Briefly, the suspension were then washed twice, resuspended, and incudoxorubicin-resistant subline (K562/ADR) was established by bated at 37°C, for 1 h more in presence or in absence of stepwise exposure to doxorubicin 31 and maintained by modulators. exposure to 0.1 m doxorubicin 4 days per week.
HHT-resistant K562 sublines were established as previously described, 32 maintained by exposure to 30, 100, 200, 300, Spectrofluorimetric measurements 400 ng/ml homoharringtonine and were referred to as K-HT30, 100, 200, 300, 400, respectively. Briefly, the sublines Fluorescence measurements were done using a Perkin Elmer were cross resistant to daunorubicin, vincristine, etoposide (Courtaboeuf, France) LS50 spectrofluorimeter in 3 ml thermoand mitoxantrone but not to melphalan. The resistance levels stated cuvettes. Fluorescence from cell suspensions were for daunorubicin were about 1, 1.2, 7.1, 30, 125 and 161 for registered between 520 and 620 nm (exc = 490 nm) at differ-K562, K-H30, K-H100, K-H200, K-H300 and K-H400, ent times as indicated in the Figures. Cell viability was respectively.
checked by the Trypan blue exclusion assay (Sigma).
Immunostaining Flow cytometry
MAbs UIC-2, Mabs MRK 16, control IgG2a antibodies and Cells fluorescence were recorded using a FACSORT flow cytofluorescein isothiocyanate (FITC)-labeled goat anti-mouse meter (Becton Dickinson, Meylan, France) equipped with an antibodies F(ab′) 2 were purchased from Immunotech 488 nm argon laser and three fluorescence detectors FL1 (Marseille, France). Briefly, 20 l of the cell suspension at (530 nm band-pass filter), FL2 (585 nm band-pass filter), FL3 5 × 10 5 cells/ml were incubated for 1 h at room temperature (650 nm high-pass filter). JC-1 fluorescence was analyzed on with the control antibody (Ig2a) or the anti-Pgp antibody the FL1 and FL2 channels for detection of the fluorescence of (UIC2 or MRK16) at a 1:2 dilution (25 g/ml). Suspensions the dye monomer and liquid crystal form, respectively. Rhowere then rinsed in PBS and the cell pellet was re-suspended damine 123 fluorescence was detected on the FL1 channel. with 20 l of a 1:100 dilution of F(ab′) 2 Ig antibodies for Ten microliters of PI (propidium iodide) as a 100 g/ml sol-30 min at room temperature. At the end of the incubation, ution was added to suspensions in order to detect dead cells cells were washed, resuspended in PBS and analyzed by flow and analysis was done after gating for living cells cytometry with a FL1 detector.
(FL3 = negative cells). Analysis was performed using LYSIS II software (Becton Dickinson) in a linear/arithmetic calculation mode.
JC-1 staining
For cell experiments, PBS with 1 g/l glucose was used in order Results to maintain the cellular ATP pool. JC-1 solutions were prepared by diluting 1% (v/v) of the stock solution (1 g/l) in PBS Evaluation of Pgp expression by immunostaining and shacking for 1 min. The solution was then filtered on a cellulose syringe filter (from Sigma) in order to remove JC-1
Pgp expression level at the membrane surface of the parent K562 cell line, ADR-resistant or HHT-resistant sublines was aggregates. The maximum final JC-1 monomer concentration As shown in Figure 2a , in the case of sensitive cells, the detectable for incubation times as short as 10 min, reached a plateau value at around 30 min. The red emission band from J-aggregates (em = 597 nm), undetectable for shorter incubation times, became clearly detectable after about 30 min and reached its maximum intensity at about 2 h. evaluated using MRK16 and UIC2 fluorescent antibodies. Antibody reactivity was nondetectable for K562 cells and the As compared with sensitive cells, fluorescence spectra recorded from K562/ADR cells, under the same conditions K-H30 subline showed only a weak level of Pgp expression (Table 1) . Moreover, as expected, levels of Pgp expression (Figure 2b ), displayed a markedly lower intensity and a very slight increase during the time of incubation. were correlated with resistance levels. As shown in Table 1 , MRK16 antibody had a stronger reactivity than UIC2 for interIn Figure 3 , fluorescence intensities at 538 and 597 nm were plotted according to the time of incubation in order to mediate resistance sublines such as K-H100, K-H200 and K562/ADR.
analyze the kinetics. For both emission wavelengths, large differences in fluorescence intensity between resistant and sensitive cells were observed (Figure 3 ). For example, at t = 120 min, the green and red fluorescences were respectSpectrofluorimetric analysis of JC-1 in PBS buffer ively about six and 16 times higher in K562 than in K562/ADR cells. When diluted in PBS at a concentration of 10 m, JC-1 displayed two emission bands, respectively centered at approxiFluorescence microscopy observations were in agreement with spectrofluorimetric results. As shown in Figure 4 , K562 mately 535 nm (green band) and approximately 597 nm (red band) when excited at 490 nm ( Figure 1) . As previously displayed a bright fluorescence (Figure 4a ) whereas K562/ADR ( Figure 4b) were not stained at all. described, 28,29 the main red band was attributed to J-aggregates which form in PBS at a concentration as low as 0.1 m.
When sensitive cells were pre-incubated for 2 h in the presence of 5 m FCCP, a protonophore which specifically Filtration on a nitrocellulose syringe filter (0.45 m in diameter) allowed J-aggregates to be completely removed destroys the mitochrondrial proton electrochemical gradient (⌬pH), 34 the green band was almost unaffected whereas the from the solution as it is shown in Figure 1 , spectrum 2. Solutions filtered in this way, containing only the monomeric red peak was markedly decreased ( Figure 5, spectrum b) . The data suggests that the red fluorescence, in sensitive cells, was form of the dye, were used for cell staining. Under these conditions, it is expected that J-aggregate formation will only responding to mitochondrial ⌬ H+ or one of its components: either ⌬ or ⌬pH. Consequently, the effects of two specifics occur when accumulated inside cells to above the critical concentration.
ionophores, valinomycin and nigericin were investigated. When sensitive cells were pre-incubated in the presence of Data obtained with K562/ADR cells suggest that the lower fluorescence detected in these cells could result either from 5 g/ml nigericin (an ionophore which induces an electrically neutral exchange of protons for potassium and results in the alteration in their mitochondrial ⌬ or from their MDR phenotype. Consequently, the effect of agents known to reverse dissipation of the transmembranaire pH gradient) 35 spectra similar to that of untreated sensitive cells were obtained MDR phenotype was investigated. [5] [6] [7] When resistant cells were incubated for 2 h in the presence of 50 m verapamil, ( Figure 5, spectrum c) .
In contrast, when sensitive cells were incubated in the pres-5 m cyclosporine A and 5 m S9788, the red fluorescence emission band (em = 597 nm) was increased by a factor of ence of 2 m valinomycin (a K + onophore which depolarizes both the cytoplasmic membrane and the inner mitochondrial about 12, 19 and 20, respectively ( Figure 6 ). This result suggests that the low staining obtained with K562/ADR was, as membrane in high K + buffer) 29 spectra similar to those of resistant cells were obtained ( Figure 5, spectrum d) .
expected, correlated with their MDR phenotype ( Figure 6 ). Taking into account the higher sensitivity of the red fluorTaken together, these data indicated that ⌬ was exclusively responsible for JC-1 accumulation in mitochondria of escence for MDR detection (Figure 3) , further experiments were performed by monitoring the fluorescence intensity at sensitive K562 cells.
The mitochondrial localization of JC-1 aggregates in sensi-597 nm. This method avoids the washing step after staining, since it was previously verified that the red fluorescence arose tive cells was also confirmed by fluorescence microscopy analysis (Figure 4a) .
exclusively from the intracellular medium.
Flow cytometry assay using either rhodamine 123 or JC-1
Sensitive or resistant cells (5 × 10 5 cells/ml) were incubated for 2 h, at 37°C, in PBS containing 0.1 m rhodamine 123. Dye uptake was estimated by the mean fluorescence on the FL1 channel (Figure 8) and the values were reported in Table 2 . As shown in Table 2 , rhodamine accumulation was not decreased in the K-H30 clone as compared with the K562 line. This result is in good agreement with immunostaining data with MRK16 and UIC2 (Table 1 ) and previous observations. 32 The results obtained with the K-H100 subclone were of particular significance since this was the lowest resistance level that could be detected by immunostaining ( Table 1) . As is clear in Table 2 , rhodamine uptake was not significantly decreased in the K-H100 subclone as compared with the sensitive K562 cells. This suggests that a test based purely on rhodamine 123 uptake was not sensitive enough to detect low resistance levels. In an attempt to increase MDR pended for 1 h in fresh PBS (thus allowing dye efflux) and cell fluorescence was quantified again on the FL1 channel. As shown in Table 2 , after 1 h the relative rhodamine fluorescence from K-H100 cells was reduced from 1 to 0.42 whereas it was still 0.79 for sensitive cells. Thus, as expected, the lower resistance level could be detected using rhodamine after a 1-h efflux period. For comparison, we also investigated JC-1 staining. Figure 8 , shows that, after 2 h incubation without washing both green and red fluorescence (FL1 and FL2 channel) were detected from sensitive cells as previously described. 27 Neither FL1 nor FL2 fluorescence recorded from K-H30 cells was decreased as compared with the sensitive line ( Table 2) . On the other hand, FL1 and FL2 fluorescence recorded from K-H100 cells was decreased to 0.4 and 0.15 of the control, respectively. This result suggests that JC-1, and particularly its red emission band, was more suitable than rhodamine 123 for detection of low resistance levels during uptake experiments.
Pre-incubation of cells with modulators under the same conditions as in Figure 2 , allowed restoration of both rhodamine 123 and JC-1 uptake in K-H100, 200, 300 and 400 subclones ( Table 2 ). The effect of modulators on JC-1 accumulation in resistant cells was dramatic. For example, incubation with 5 m cyclosporine A for 2 h enhanced JC-1 uptake by 6.6 in K-H100 cells whereas it had only a slight effect on K562-sensitive cells ( Figure 8 and Table 2 ). In comparison, under the same conditions, cyclosporine A enhanced rhodamine 123 uptake by 1.6 and decreased its efflux by 2.4.
Therefore, the red emission band of JC-1 (FL2 channel) appeared to be more convenient for both detection of low level resistance and monitoring the effect of reversing agents.
Figure 4
Fluorescence micrographs of K562 (a) and K562/ADR (b)
Discussion
cells stained with JC-1. Incubation was carried out as described for spectrofluorimetric measurements, and micrographs were done after
The clinical need for accurate detection tests for MDR cells 2-h incubation.
has resulted in an extensive library of tests. 17 Most tests are molecular biology or immunological-based assays. Because flow cytometry and analysis require a reliable cell suspenIn order to approach patient sample analysis, we checked the possibility of detecting resistant cells in a mixed cell popusion, 17 functional tests used with solid tumors are generally radioactive based assays. One of the most promising radioaclation. As illustrated in Figure 7 , the intensity of the red emission band was proportional to the percentage of resistant cells tive molecules used for such a purpose seems to be TC-99m-Sestamibi, a radiopharmaceutical used in nuclear medicine in the cell suspension. After 2 h incubation, it was possible to detect 10% of resistant cells in the population easily.
for in vivo imaging. 36 The decreased accumulation of this
Figure 5
Effect of ionophores on the intracellular uptake of JC-1 in sensitive K562 cells. Incubation was carried out as described for spectrofluorimetric measurements, spectra were recorded after 2-h incubation. a, no ionophores added; b, 1 m FCCP; c, 5 g/ml nigericin; d, 2 m valinomycin.
Figure 6
Effect of modulators on JC-1 uptake in K562 and K562/ADR cells. Spectra were recorded afer 2-h incubation, verapamil, cyclosporine A and S9788 were added at the beginning of incubation, at concentrations of 50 m, 5 m, 5 m, respectively. molecule implies the presence of P-gp enriched tissues, and resistant cells from sensitive ones. 38 Rhodamine 123 has a good fluorescence quantum yield but a non-negligible fraction its uptake in vivo could permit the prediction of the response to the chemotherapy. 37 In the case of hematological maligof the dye binds to cell membranes 25 leading to high fluorescence background which could partially explain why there nancies, cell suspensions from patients are available, thus allowing flow cytometry-based assays to be performed.
is some difficulty in distinguishing cells with low levels of resistance from sensitive ones. Moreover, with this dye, better Discrepancies between the detection of P-gp with monoclonal antibodies and its function were described in leukemic results are obtained from a fluorescent assay based on efflux rather than uptake. Such efflux procedures are more timecell lines and clinical samples. 18, 19 Therefore, functional assays seem to be more pertinent than protein detection.
consuming and more complicated to analyze. In the case of JC-1, we did not have to deal with fluorescence background Some fluorescent drugs and dyes have already been evaluated for flow cytometry-based assays. For example, daunorubsince filtration allowed J-aggregates to be eliminated from the buffer prior to incubation with the cells. Under these conicin displays a weak fluorescence and is quenched when it is bound to DNA, thus preventing discrimination of low-level ditions, all the red fluorescence detected resulted from the liquid crystals formed within mitochondria. 29 This unique prolators. The assay does not require any washing step or additional efflux monitoring. perty allows a sensitive functional assay to be performed, based on monitoring J-aggregate formation from their specific Clinical evaluation of the JC-1 assay is currently under way in France. red fluorescence. Moreover, modulators greatly enhanced JC-1 incorporation in resistant cells which confirms that the lack of dye accumulation in MDR cells effectively results from Pgp expression. Likewise, a simple MDR assay may be achiAcknowledgements eved by comparing dye uptake in clinical samples in the absence and in the presence of modulators. In such a test, it may not be necessary to compare dye uptake in a reference Some of the experimental work presented here was supported by a grant from the Association pour la Recherche contre le sensitive cell line, which is often unavailable. Such an assay could therefore be used for both clinical detection and a rapid Cancer (ARC) and JM Kü hnel was also a recipient of a grant from ARC. We thank Dr MF Poupon (Institut Curie, Paris, screening of new reversing agents.
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